
. 

Polymers a r e  extensively used on spacecraft  and a r e  a f fec ted  by 

the  environment of outer space. P las t ics ,  elastomers, and organic coat- 

ings must be t e s t ed  here on ear th  and the  r e s u l t s  extrapolated t o  space 

environments. Therefore it i s  important t o  bear i n  mind t h a t  t h e  region 

of space considered i s  not homogeneous and t h e  composition of t he  gas at 

200 km from ear th  i s  very d i f fe ren t  from the  composition a t  higher a l t i -  

tudes.  

t h e  pa r t i cu la r  o rb i t  of the space vehicle .  

t h ree  important e f f ec t s  must be considered, namely t h e  e f f e c t s  of rad ia t ion ,  

Thus t h e  e f f ec t s  of space environment w i l l  depend a grea t  deal  on 

However, i n  most space missions 

vacuum and temperature. 

I .  Radiation 

Two main kinds of radiat ion a r e  encountered! 1) electromagnetic 

r aa i a t ion ,  or rad ia t ion  from t h e  sun, t he  in t ens i ty  of which va r i e s  as 

t h e  square of t he  dis tance from the sun; 2 )  rad ia t ion  due t o  impinging 

atomic p a r t i c l e s ,  e.g.  ions and electrons.  This type of rad ia t ion  o r ig i -  

na t e s  mainly from t h e  Van Allen b e l t  which extends from a few km t o  about 

a 1000 km above the  ear th .  

a.  Effects  of Electromagnetic Radiation: 

Approximately half  t h e  energy of sunlight l i e s  i n  t h e  inf ra red  
0 

and rad io  frequency regions,  40% i n  t he  v i s i b l e  (4000-7000 A), and 10% 

This paper represents  one phase of research performed by t h e  J e t  Propul- 
s ion  Laboratory, Cal i forn ia  I n s t i t u t e  of Technology sponsored by t h e  
National Aeronautics and Space Administration, Contract NAS7-100. 



i n  t h e  u l t r a v i o l e t  and X-ray spectral  region. 

through t h e  e a r t h ' s  atmosphere but w i l l  be encountered i n  space. 

The l a t t e r  does not pass 

The penetration depth of electromagnetic rad ia t ion  var ies  with 

-1 0 i t s  wavelength. In  t h e  gamma-ray region at wavelength below 10 A t h i s  

may reach 10 cm. 

so l ids  i s  very small t o  cm) . Near 3000 A the  penetration i n t o  

p l a s t i c s  may be again of the  order of 10 cm. 

cause ionizat ion or electronic  excitation, i . e .  they r a i s e  e lectrons t o  

higher energy s t a t e s .  Sunlight above 3000 A i s  not l i k e l y  t o  damage any 

polymers, thus only t h e  solar radiat ion t h a t  does not reach the  e a r t h ' s  

surface i s  of concern. The radiat ion between 100 - 1000 A which pene- 

t r a t e s  layers  of t o  c m  damages t h i n  layers  of all.  known polymers. 

The electronic  exci ta t ion due t o  the e f f ec t s  of electromagnetic rad ia t ion  

r e s u l t s  i n  formation of f r e e  r a d i c a l s  and, consequently, breakdown of 

polymer chains and crosslinking. Chain breakdown i s  accompanied by loss 

of mechanical s t rength and deter iorat ion of e l e c t r i c a l  propert ies .  

0 
For wavelengths between 100 and 1000 A penetration i n  

0 

0 
?hotons of 500 t o  3000 A 

0 

0 

Cross- 

l i ck ing  reduces e l a s t i c  deflection and i s  therefore  not desirable .  It  

eventually embri t t les  polymers t o  t h e  point where surface f laking 

ana f r ac tu re  occur. N o  d i r ec t  experiments have been reported on i r r ad ia -  

t i o n  of polymers with wavelengths of t h e  order of 100 - 1000 A, but experi- 

ments on i r r ad ia t ion  at 1000 - 3000 A e x i s t .  Films of commercial phenyl 

0 

0 

methyl s i l i cone ,  vinyl  chlor ide and methyl methacrylate underwent appre- 

c i a b l e  crosslinking on exposure equivalent t o  a few days i n  space sun- 

l i g h t .  A t  exposures corresponding t o  a week or two i n  space, polyethylene 

te rephtha la te  (mylar), p last ic ized polyvinyl chloride and polytetrafluoro- 

ethylene were discolored and lost much of t h e i r  mechanical s t rength and 

f l e x i b i l i t y .  I n  general, radiat ion i n  presence of a i r  causes more damage ----- 
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, 

than rad ia t ion  i n  vacuum. 

i s  reached i n  vacuum may be increased th ree  t o  ten  times by addition of 

s t a b i l i z e r s .  

Also, the exposure time at which a given damage 

b .  The V a n  Allen Radiation Belt 

In  t h e  radiat ion b e l t  damage r e s u l t s  from protons, ions and elec- 

t rons  which penetrate  mater ia ls  t o  a de f in i t e  depth. 

p a r t i c l e  impact i s  ionizat ion.  The rad ia t ion  doses producing appreciable 

change i n  engineering propert ies  of various polymers a r e  shown i n  Table I .  

The r e s u l t s  of Table I are  mainly based on ef fec ts  on elongation since the  

t e n s i l e  s t rength f a l l s  off wi;h decrease of elongation. 

The main e f f ec t  of 

Some correlat ions between polymer s t ruc ture  and radiat ion e f f ec t s  

have been establ ished;  aromatic groups i n  s ide chains increase rad ia t ion  

s t a b i l i t y  over t h a t  of l i nea r  polyethylene, but aromatic groups i n  t h e  

main chain o r  e ther  and su l f ide  linkages decrease s t a b i l i t y .  Chlorine 

and f luor ine  attached t o  t h e  chain reduce radiat ion res i s tance .  Sil icone 

chains a re  as  s t ab le  as  s t r a igh t  carbon chains. 2 

Reinforcement generally increases s t a b i l i t y .  Reinforced 

p l a s t i c s  a r e  up t o  lo3 times as r e s i s t an t  t o  radiat ion as unreinforced 

p i a s t i c s ,  and carbon black improves t h e  radiat ion res i s tance  of na tura l  

rubber.  
2 
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Table I 

Radiation Dose Producing Appreciable Change in Engineering 
Properties of Various Polymers 1 

Polymer 

Styrene, reinforced 

Vinyl carbazol 

Silicone resin, reinforced 

Styrene, unreinforced 

Ethylene terephthalate, stretched 

Melamine, reinforced 
Diphenyl silicone elastomer 

Ethylene, low density 
Phenolic, unreinforced 

Urea formaldehyde, reinforced 
Natural rubber 

Vinyl pyridine 

Vinyl chloride 

Vinylidene chloride 
Silicone resin, unreinforced 

Butadiene-styrene (SBR) 
~ Ethylene, high density 

1 Propylene 
i Vinylidene fluoride-hexafluoropropene 
Chlorotrifluoroethylene-vinylidene 
fluoride 

' Ester, unreinforced 

! 

i 
! 

I 

I 

! 

; 

i 
i i 

j 
: 

I 

I 
i 

! 

i 

i 

Butadiene - acryloni t r ile ( nitrile rubber ) 
But ad i en e 

Neoprene (chloroprene) 

Chlorosulf onat ed ethylene 
Acryl i c 

Silicone elastomers (most) 

Nylon 
Polyformaldehyde 

Isobutylene-isoprene (butyl rubber) 

Silicone elas%omer, fluorinated 

Tetrafluoroethylene 
I-- ._ _ _  - ______ 
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I . 

11. Vacuum Effects 

A t  t h e  a l t i t u d e  of 200 h s  the  gas pressure i s  of t h e  order of 

Any low lo-' mm Hg and decreases at  higher a l t i t u d e  a t  6500 km) . 
molecular weight compounds such as p l a s t i c i z e r s  o r  fragments produced as 

a r e s u l t  of radiat ion damage would v o l a t i l i z e .  The temperature a t  which 

a 10% weight loss occurs, f o r  a var ie ty  of polymers, i s  tabulated below 

(Table 11). 

The vo la t i l i za t ion  of materials endangers t h e  function of t h e  

spacecraft  s ince the  v o l a t i l e s  may redeposit  on cool surfaces,  e.g. r e l ay  

contacts  and prevent them from closing properly. 

The simplest quant i ta t ive value which can be obtained f o r  t h e  

behavior of a polymer i n  t h e  thermal-vacuum environment i s  t h e  loss  of 

weight. Thisvalue does not reveal t h e  nature of t h e  components but  never- 

t he l e s s  i s  useful  f o r  se lec t ing  polymers su i tab les for  spacecraft ,  s ince 

i n  t h e  majori ty  of instances it may be  safe ly  assumed t h a t  mechanical or 

other  usefu l  propert ies  of t h e  polymer a r e  degraded when a subs tan t ia l  

loss of weight has been incurred. It i s  customary t o  assume t h a t  poly- 

meric substances which lose  less  than 1% of t h e i r  weight i n  a thermal- 

vacuum environment may be ordinary gases (e.g.  adsorbed a i r  o r  carbon 

dioxide) , l i qu ids  of high vapor-pressure ( e. g . lubr ica t ing  o i l s ,  p l a s t i -  

c i z e r s ) .  In  order t o  se lec t  polymeric mater ia ls  f o r  Mariner I V  (success- 

f u l  Mars probe) a volatile-condensable mater ia l  (VCM) t es t  was applied.  

The VCM t e s t  i s  a measure of the  v o l a t i l e  mater ia ls  given off  by a poly- 

m e r  t h a t  w i l l  condense on a cooler surface.  A VCM value of l e s s  than 

0.5 x 10 gm of condensables per square inch of sample mater ia l  area 

was considered acceptable. Over one hundred d i f f e ren t  polymers were 

-4 
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Table I1 

Decomposition o f  Polymers i n  High Vacuum 

! Temperature f o r  10% 1 1 
i Polymer 1 weight l o s s  per  year 

i i n  vacuum 
I C i 0 
I 

I 

:Nylon 

Cellulose n i t r a t e  
i 
,Methyl acry la te  

:Vinyl chlor ide 

I i i n  vacuum 

i I 
i I 

:Nylon \ 30 - 210 
Cellulose n i t r a t e  1 40 

I C i i 0 

I 
,Methyl acry la te  ! 40 - 150 
:Vinyl chlor ide p 90 
I 

Neoprene (chloroprene) 

Methyl methacrylate 

, Ac ry loni  t r i l e  

I sobutylene-isoprene (buty l  rubber) 
i i Styrene-biltadiene 

:Styrene 

Butadiene-acrylonitri le ( n i t r i l e  rubber) 

Vinyl ace ta te  

Cellulose 

Methyl styrene 

L e l l u l o s  e ac e t  at  e 

Propylene 

I s opr ene 

F 
I 
I 

30 - 210 

40 - 150 
40 

90 

90 
LOO - 200 
120 

120 

130 
130 - 220 
150 - 230 
160 
180 

180 - 220 
190 

LgO - 240 
190 

Melamine : 190 
Si l icone  elastomer : 200 

Zthylene terephthalate  (mylar, dacron) 1 200 

isobutylene 

Vinyl toluene 

Xtadiene-styrene (GR-S = SBR) 
[Vinyl f luor ide  

1 Ethylene, low density 

/Butadiene 
5 

Chl or o t  r i f luor o ethyl  ene 

Vinylidene f luor ide  

Ethylene, high densi ty  

Tetrafluoroethylene 

F 0 

a0 - 410 

LOO - 300 
190 
200 

220 - 390 

100 

240 

2 50 
270 

270 - 420 
300 - 450 

320 

3 50 
350 - 420 

370 

370 - 470 
380 

380 
400 

400 

400 
400 

460 
460 

460 - 540 

490 

490 

510 
560 I 

710 

,it e r  atur c 
.ef erencec 

4 
5 
6 
7 
5 
6 
8 
9 
5 
6 
9 
10 

6 
6 
11 

6 
12 

13 
14 

15 
6 
6 
6 
16 
6 
12 

6 
16 
6 
16 
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used,af ter  screening,in the  Mariner I V  spacecraf t .  These included t e f l o n  

f o r  wire insulat ion,  and MoS -impregnated nylon i n  t h e  TV camera system, 

asbes tos- f i l l ed  epoxy adhesives and room temperature vulcanizing (RTV) 

2 

s i l i cone  adhesive fo r  t he  solar panels, polyvinylfluoride f o r  cabling, 

multi layered aluminized mylar f o r  thermal sh ie lds ,  e t c .  l7 The success- 

fu l  mission of Mariner I V  shows t h a t  t h e  above polymers are su i t ab le  f o r  

r e l a t i v e l y  long space f l i g h t s .  

111. Temperature 

The exploration of outer space requires  mater ia ls  t h a t  would 

withstand high temperatures, as wel l  as  cryogenic mater ia ls ,  i . e .  those 

used fo r  equipment and s t ructures  subjected t o  extremely low temperatures. 

a. High Temperature Polymers 

The requirements of space technology led t o  exci t ing new d is -  

coveries i n  t h e  a rea  of heat r e s i s t an t  polymers. S igni f icant ly  higher 

thermal s t a b i l i t y  i s  obtainable from polymeric systems comprised of hetero- 

cyc l i c  recurring uni ts .18 The following sketches ind ica te  the  types of 

2olymers already avai lable  commercially, and t h e  upper temperature l i m i t s  

19 of t h e i r  u sab i l i t y .  
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An A l i p h a t i c  Polyamide (Nylon) 

An Aromatic Polyamide (Nomex) 

An Aromatic Polyimide (SKYGARD) 

L 'J 

A Po 1 yben z imida z o l e  (IMID ITE) 

P0 , lybenzo th iazo le s  



L 

.' 

The thermal s t a b i l i t y  of t h e  above polymers i s  due t o  t h e i r  
continuous 

chain s t i f f n e s s  and t o  the  /conjugation of t h e  bonds within t h e  molecule. 

b .  Low Temperature Polymers 

Generally, p l a s t i c  materials have shown r e l a t i v e l y  good low 

temperature res is tance.  They are a t t r a c t i v e  f o r  cryogenic appl icat ions 

because of t h e i r  low thermal conductivity as wel l  as spec i f ic  heat  and 

good mechanical propert ies .  However, t h e i r  high coef f ic ien t  of thermal 

expansion cons t i tu tes  a de f in i t e  disadvantage. 

t h e  addition of f ine ly  divided metals or metal l ic  oxides. 

This may be overcome by 

20 

Polytrifluoromonochloroethylene ( KelF) has been used effect ive-  

l y  a t  cryogenic temperature f o r  many years f o r  engineering applications.  

Although l e s s  duc t i l e  than a t  room temperature, t h e  low c rys t a l -  

l i n i t y  mater ia l  s t i l l  has approximately 5% elongation at -320'F. 

Closed-cell r i g i d  p l a s t i c  foams have been used i n  cryogenic 

insu la t ion  systems. The foams of most i n t e r e s t  f o r  such appl icat ions 

a r e  polystyrene, epoxy, polyurethane and rubber. 21 

Most commonly used cryogenic sea ls  are made of f luorinated 

polymers but mylar and nylon have been found usable as gaskets from 

-323 t o  35OoF. 

Elastomers, with the exception of ce r t a in  s i l i cones  and fluoro- 

s i l i cones  which can operate as low as -120 F, generally have unsat is-  0 

fac tory  mechanical propert ies  due t o  extreme b r i t t l e n e s s  at temperatures 

below -7O0F. Plas t i c s ,  of low glass  t r ans i t i on  temperatures and high 

c r y s t a l l i n i t y  a re  ab le  t o  withstand much lower temperatures without 

s a c r i f i c i n g  t h e i r  o r ig ina l  res i l iency,  hardness and impact s t rength.  

- 9- 



I V .  Future Trends 

a.  Thermally Stable Polymers 

A great  deal  of research e f f o r t  i s  being expended toward t h e  

The polybenzimidazoles synthesis of new thermally r e s i s t an t  polymers. 

can withstand temperatures of  up t o  500°C f o r  long periods of t i m e  with- 

out softening and de ter iora t ion .  

s t a b i l i t y  i s  the  r i g i d i t y  of the chains due t o  la rge  aromatic recurring 

One reason fo r  t h e i r  high thermal 

un i t s .  

appl icat ions i n  t h e  f i e l d  of high temperature r e s i s t a n t  mater ia ls  are 

based on other  aromatic chains such as  poly-phenylene, 

Other r i g i d  molecules which a re  now being studied f o r  possible  

22 

Polyphenyl ene 

:,?ich cannoz fold even a t  ra ther  high temperatures because ro t a t ion  about 

%e cai-3on-carbon s ingle  bond between t h e  para-combined phenylene r ings  

can only lead t o  d i f f e ren t  angles between t h e  planes of consecutive r ings  

but  not t o  a kink or bend i n  the main chain. The present ly  avai lable  

polyphenylenes a re  characterized by low molecular weight but there  i s  

l i t t l e  doubt t h a t  fu ture  research w i l l  lead t o  t h e  synthesis of high 

molecular weight polyphenyls, and consequently grea t ly  improved mechani- 

c a l  propert ies .  

condensed r ings i s  t h e  synthesis of so-called ladder polymers. 

example of such a s t ruc ture  was prepared by exposing polyacry loni t r i le  

t o  elevated tenperatures which caused the  formation of rows of six r ings  

by an electron 2a i r  displacement. 

Another in te res t ing  way t o  a r r ive  at chains made up of 

The first 
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, A black, completely infus ib le  and insoluble mater ia l  i s  obtained which 

corresponds i n  i t s  s t ruc ture  t o  a l i n e a r  graphite i n  which one carbon 

atorn of every r i n g  has been replaced by nitrogen. 

ness of chains as well as t h e  fact  t h a t  two bonds need t o  be broken i n  a 

ladder polymer instead of one as i n  conventional polymers, ind ica te  t h a t  

t h i s  ty-pe of mater ia l  i s  very promising f o r  space as well as for many 

i n d u s t r i a l  applications.  

i t y  i n  t h i s  a rea  i n  academic as  well  as i n  commercial i n s t i t u t i o n s .  

The r i g i d i t y  and stiff- 

One may therefore  expect a great  deal  of ac t iv-  

. b .  Solid Propellants 

Polymers are extensively used as binders for inorganic oxidizers 

i n  so l id  propel lants .  A t  t h e  ear ly  stages of so l id  propellant chemistry, 

thermoplastic o r  thermosetting polymers were already used as binder fue l .  

They consisted of phenolic resins, polystyrene copolymers, ce l lu lose  poly- 

mers, styrene,  butadiene-rubber, e t c .  23 
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A desirable  s o l i d  propellant binder should consis t  of a viscous 

f l u i d  allowing easy mixing with the oxidizer (e.g.  ammonium perchlora te ) .  

It  i s  necessary a f t e r  t he  mixing operation t o  transform the  viscous 

s lu r ry  i n t o  a so l id  rubbery material .  

polyurethanes and from 1954 u n t i l  recent ly  polyurethane was t h e  most 

important so l id  propellant binder for rocket appl icat ion.  About s i x  

years  ago a so l id  propellant using polybutadiene ac ry l i c  acid copolymer 

was developed. 

i n  t h e  so l id  rocketry area but l a t e r  a number of other rubbery polymers 

were found. One of t h e  most in te res t ing  i n  t h i s  category cons is t s  of 

polybutadiene te-rminated a t  both ends by carboxyl groups and synthesized 

by t h e  " l iv ing  polymer" technique. 

space missions must of fe r  higher performance and at t h e  same time with- 

stand t h e  special  environmental conditions imposed by such missions. 

Improved performance w i l l  be obtained by t h e  use of e i the r  b e t t e r  oxi- 

c i z e r s  or spec ia l ly  developed polymeric binders or both. 

binders a r e  required t o  make them compatible wi$h high energy ingredients  

and permit siniultaneously a high so l id  loading. Future developments of 

improved so l id  propellants w i l l  depend on t h e  f a c t  t h a t  planetary space- 

c r a f t  intended t o  land on Mars, Venus, Mercury, Jup i t e r .  e t c .  must under- 

go a s t e r i l i z a t i o n  treatment t o  prevent contamination of planets  with 

Earth organisms. I f  t he  s t e r i l i z a t i o n  requirements do not change, then 

t h e  new propel lants  w i l l  have t o  withstand three  36-hour cycles of heat-  

i n g  a t  145OC (293'F) and r e t a i n  high r e l i a b i l i t y .  

a t  low temperature t o  which t h e  so l id  propellant may be exposed i n  space, 

t he  binder should exhibi t  a low g lass  t r a n s i t i o n  temperature. Apart 

These requirements were met by 

This polymer was t h e  f i rs t  of polybutadiene rubbers used 

Solid propellant f o r  fu ture  use i n  

New polymeric 

I n  order t o  operate 

-12- 



H- 
5 

r -  

R 

/ 

.5 '1- 
C H= 



from the above conditions it will be necessary to have a binder under- 

going a negligible vaporization loss  in a high vacuum. 

c . Superconducting Polymers 

In 1950 a suggestion was made by F. London24 that some of the 

more complicated organic molecules might be able to exhibit, not semi- 

conductivity but superconductivity. This idea was taken up in 1964 by 

W. A. Little25 who postulated on the basis of the B.C.S .  theory that a 

polymer of the structure shown below may exhibit superconductivity at 

room temperature. Synthesis of such a material would lead not only to 

tremendous developments in the polymer industry but also to a revolu- 

tion in our own way of life. 

A superconducting polymer could solve a number of difficult 

space problems, in particular the prevention of communication blackout 

d a space vehicle during reentry. Although the synthesis of a super- 

conducting polymer having a structure shown above is by no means an easy 

task, it is likely to be achieved in the future, and if indeed such poly- 

mers superconduct at room temperature, practically an unlimited number 

of applications on our planet as well as in space can be envisioned. 
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